A yttria promoted nickel nanowire catalyst was prepared by a hard templating method, and characterized by transmission electron microscopy (TEM) and N 2 physical adsorption. The catalytic properties of the yttria promoted nanowire catalyst in the partial oxidation of methane to syngas were compared with a metallic Ni catalyst which was prepared with nickel sponge. The characterization results showed that the yttria promoted nickel nanowire catalyst had high specific surface area and there was more NiO phase in the nickel nanowire catalyst than in the metallic Ni catalyst. The reaction results showed that the yttria promoted nickel nanowire catalyst had high CH 4 conversion and selectivities to H 2 and CO.
Introduction
The conversion of natural gas into liquid fuels is commonly performed via an indirect route through synthesis gas, a mixture of H 2 and CO [1] [2] [3] . Industrially, synthesis gas is mainly produced from methane steam reforming process [4] [5] [6] . Such a process produces a high H 2 /CO ratio [7] . Furthermore, methane steam reforming is highly endothermic and heat-transfer limited [8] . Catalytic partial oxidation of methane (CPOM) is an attractive alternative for the syngas production [9] [10] [11] [12] as the reaction is mildly exothermic and a H 2 /CO ratio of 2 can be achieved, which is desirable for Fischer-Tropsch synthesis [13] [14] [15] , methanol synthesis, etc.
The first row of transition metals (Ni, Co) and precious metals (Ru, Rh, Pd, Pt, and Ir) have been reported as active catalysts for CPOM [16, 17] . Among these, Ni has been intensively studied. Recently, the synthesis of nickel oxide with controlled nanostructures, such as mesoporous solids, nanotubes or nanowires, has attracted considerable attention because such material may exhibit better catalytic properties and be more readily available [18] [19] [20] [21] [22] [23] . Kim et al [24] synthesized a mesoporous Ni-Alumina catalyst and compared the performance with a nickel catalyst impregnated on a commercially available alumina support (Ni-IMP) in CPOM. They found that the Ni-Alumina catalyst showed a relatively high surface area with a narrow pore size distribution. And the Ni-Alumina catalyst having smaller nickel particles and lower levels of carbon deposition had a more stable catalytic activity than the Ni-IMP catalyst.
The reaction of CPOM over a metallic Ni catalyst prepared with nickel sponge has been studied [25] . The results showed that the metallic Ni catalyst has some advantages over the supported nickel or nickel coated catalysts. For example, in the supported nickel or nickel coated catalysts, the fine nickel particles tend to aggregate at high temperatures and lose the activity [26, 27] . However, in the metallic Ni catalyst, the nickel acts as both active component and the support, so it would not aggregate further [25] .
In this work, we prepared a yttria promoted nickel nanowire catalyst by a hard templating method. The catalyst consists of nickel nanowires, which has higher specific surface area than the one prepared with nickel sponge. It is expected that the yttria promoted nickel nanowire catalyst should have higher activity for CPOM, while keeping the advantages of the metallic nickel catalyst.
Experimental

Catalyst Preparation
Three-dimensional mesoporous silica (KIT-6) was synthesized according to references [28] [29] [30] [31] , and used as the hard template for the preparation of yttria promoted nickel nanowires. For the preparation of the yttria promoted nickel nanowires, 1.5 g of Ni(NO 3 ) 2⋅ 6H 2 O (98.0%) and 1.0 g Y(NO 3 ) 3 were dissolved in 1.0 cm 3 distilled water forming a saturated solution, followed by addition of 2.0 g of KIT-6, which resulted an incipient impregnation. After drying at 373 K until all the water had been vaporized and a dry powder obtained, the sample was heated slowly to 823 K in air and calcined in a muffle furnace at that temperature for 5 h. Then, in the presence of hydrogen, the sample was heated at 1 K/min from ambient temperature to 1123 K, kept at the final temperature for 2 h, and then cooled down to ambient temperature. The above process was repeated for four times. Then, the resulting sample was twice treated with a hot 4.0 mol/L NaOH solution to remove the silica template, followed by washing with distilled water and ethanol several times, and then drying at room temperature. The sample was triturated into 40-60 mesh.
The preparation of the metallic Ni catalyst has been described before [25] . Briefly, a piece of metallic Ni sponge (80 % porosity, Changsha Liyuan Material Co., Ltd.) was cut into 40-60 mesh, treated with a mixture of 500 cm 3 containing 0.01 wt. % HCl and 0.2 wt. % H 2 SO 4 for 24 h, and then thoroughly washed with distilled water and dried. This pretreatment results in the formation of 0.18~0.92 μm wide channels across the surface [25] .
Catalyst Characterization
Transmission electron microscopy (TEM) investigations were carried out using a FEI Tecnai G2 F20 apparatus, operated at an accelerating voltage of 200 kV. The sample powders were dispersed in ethanol by ultrasonic radiation and the solution was dropped on the sample holder, which is a copper grid coated with a carbon film.
The specific surface areas of the samples were determined by nitrogen physical adsorption at liquid nitrogen temperature using a Mike TriStar 3000 instrument. All samples were degassed at 573 K for 5 h prior to analysis. The specific surface areas were calculated according to the method of Brunauer, Emmett and Teller (BET).
Experimental Procedures
CPOM was studied with a quartz reactor with 10 mm internal diameter, which was heated by an electric furnace. The catalyst temperature was measured by a chromel-alumel thermocouple which was inserted into a quartz thermocouple well, with the thermocouple tip being placed in the middle of the catalyst bed. In a typical run, the catalyst (diluted with double portions of quartz silica of the same size as the catalyst), with the total volume of 0.39 cm 3 , was packed in the reactor with a layer of silica wool below. The reactant gases of CH 4 (99.8 %) and O 2 (99.9 %), controlled by mass flow controllers, were passed through the reactor and the temperature was increased to the required value with the electric furnace.
Reaction products were analyzed by a 3420 Gas Chromatograph equipped with a TCD detector and two columns, a 5A molecular sieve column for the separation of O 2 , CH 4 and CO, and a carbon molecular sieve column for the separation of H2 and CO 2 . Quantification was performed by injecting a gas mixture with known compositions for the calibration.
The equations for the calculation of the conversion of CH 4 , CON CH4 , and the selectivities to H 2 and CO, S H2 and S CO , are given as follows:
S H2 = F H2,outlet / (2 × (F CO,outlet + F CO2,outlet )) × 100 %
S CO = F CO,outlet / (F CO,outlet + F CO2,outlet ) × 100 %
where F x is the mole number of substance x. No oxygen breakthrough was found in the CPOM reaction.
Results and Discussion
Characterization of Catalysts
Morphology of the yttria promoted nickel nanowire catalyst was determined by TEM and is shown in Figure 1 . It is seen that the catalyst consists of nanowires. The nanowires are stacked together, probably because that they are paramagnetic and cannot be dispersed by ultrasonic radiation. But the nanowires are not structurally connected. By measuring at high magnification, the diameter of the nickel nanowires was measured to be approximately 8 nm.
The specific surface area of the yttria promoted nickel nanowire catalyst (9.77 m 2 /g) is much higher than that of the metallic Ni catalyst (0.25 m 2 /g).
Results of the Reaction of CPOM
Changes of methane conversions and H 2 and CO selectivities on the yttria promoted nickel nanowire catalyst and the metallic Ni catalyst with CH 4 /O 2 ratios, reaction temperature, and GHSV are shown in Figures 2 to 4 , respectively. It can be seen that with the increase of CH 4 /O 2 ratios, the methane conversions on both catalysts decrease and the selectivities to synthesis gas increase (Figure 2) . With the increase of the reaction temperature, the methane conversions and the selectivities to H 2 and CO on both catalysts also increase (Figure 3) . With the increase of GHSV, the CH 4 conversion and H 2 and CO selectivities on the metallic Ni catalyst increase, but those on the yttria promoted nickel nanowire catalyst decrease (Figure 4) . These tendencies were agreed with the perspectives of what are already known in literatures [32] [33] [34] [35] [36] [37] [38] , except the changes of the CH 4 conversion and the selectivities to syngas on the yttria promoted nickel nanowire catalyst with the increase of GHSV. This will be explained below. However, it is noted that on the yttria promoted nickel nanowire catalyst, the methane conversion and the selectivities to H 2 and CO are much higher than those on the metallic Ni catalyst under the same reaction conditions. For example, as shown in Figure 2 , on the yttria promoted nickel nanowire catalyst, at reaction temperature 1123 K, GHSV 2.0 × 10 4 h -1 , and CH 4 /O 2 ratio 2.0, the conversion of methane and the selectivities to hydrogen and carbon monoxide are 90 %, 99 %, and 97 %, respectively, much higher than those on the metallic Ni catalyst, which are 58 %, 62 %, and 82 %, respectively. The value of the conversion on the yttria promoted nickel nanowire catalyst is a little lower than the thermodynamic equilibrium value, which is 95 %, but the values of the selectivities to syngas are near to the thermodynamic equilibrium values, which are 98 % and 98 %, respectively.
In general, it is known that defects, such as oxygen vacancies, are important in the surface chemistry and catalysis of metal oxides [39] . And the improved catalytic performance in oxidation catalysis has been attributed to a high concentration of oxygen vacancies [40] [41] [42] [43] . Lattice oxygen ions often involve in reactions over oxide catalysts. Most of the partial oxidation reactions proceed via the Mars-van Krevelen mechanism, which is a redox model [44] [45] [46] [47] . In this model, hydrocarbons react with surface lattice oxygen ions to form oxidized products, leaving a series of oxygen vacancies which are pending to be recruited by new formed lattice oxygen ions. The cycle for catalytic partial oxidation is closed via replenishment of the extracted lattice oxygen ions through the dissociative adsorption of molecular oxygen on the surface [48] .
In the present work, the yttria promoted nickel nanowire catalyst had higher activity and selectivity. We infer that the reaction might proceed through the Mars-van Krevelen mechanism. The yttria promoted nickel nanowire catalyst had higher specific surface area, which shows promotion effect on the activity of catalyst, because the activity of catalyst was directly related to its surface area [49] . Higher surface area results in higher activity. Therefore, methane conversion and the selectivities to syngas on the yttria promoted nickel nanowire catalyst were much higher than those on the metallic Ni catalyst under the same reaction conditions.
From the reaction results (Figure 4) , it is seen that the conversion and the selectivities on the yttria promoted nickel nanowire catalyst decreased with the increase of GHSV, while those on the metallic Ni catalyst increased. The difference in convective heat transfer coefficients for the two catalysts might be the most important reason to explain the differences in catalytic results. When heat was removed from the surface faster than it was generated by reaction, the temperature would fall. When the temperature fell below the ignition temperature of methane oxidation, reaction no longer occurred on that portion of the catalyst. This behavior was known as blowout. Blowout would occur easier on a catalyst geometry that had a high convective heat transfer coefficient [50] . Convective heat transfer occurs axially in the direction of flow, acting to transfer heat from the surface to the cooler gases. The convective heat transfer was much more efficient at removing heat from the yttria promoted nickel nanowire catalyst because of the much higher surface area and the tortuous flow passages in the catalyst [51] . With the increase of GHSV, the reactants increased in the feed which could result in the reaction blowout on the yttria promoted nickel nanowire catalyst. This led to the decrease in methane conversion and the selectivities to syngas on the yttria promoted nickel nanowire catalyst with the increase of GHSV.
Conclusions
The yttria promoted nickel nanowire catalyst has higher BET surface area than the metallic Ni catalyst. There is more NiO phase in the yttria promoted nickel nanowire catalyst than in the metallic Ni catalyst, which brings on more active centers in the CPOM.
The yttria promoted nickel nanowire catalyst had higher CH 4 conversion and H 2 and CO selectivities than the metallic Ni during CPOM. With the increase of CH 4 /O 2 ratios, the methane conversions on both catalysts decrease and the selectivities to syngas increase. With the increase of the reaction temperature, the methane conversions and the selectivities to H 2 and CO on both catalysts increase. With the increase of GHSV, the methane conversion and H 2 and CO selectivities on the metallic Ni catalyst increase, but those on the yttria promoted nickel nanowire catalyst decrease.
